In this contribution, additional degrees of freedom resulting from an additional motor in the front wheel (all-wheel driven motorbike) are used within newly developed methods for enhancing safety and energy efficiency. All algorithms have been developed with respect to realtime capability on a ECU. The basis of the investigations is a test vehicle based on a commercially available electric moped, whose power train was modified for the research purposes with the support of industry partners.
Introduction
The use of all-wheel driven power trains offers additional degrees of freedom within driving dynamics control as well as energy efficient driving. For electric vehicles, the distribution of power to all wheels is relatively easy, since one electric motor per wheel can be used. Especially for motorbikes, an additional electric motor at the front wheel allows for significant recuperation, since most of the braking force is usually applied on the front wheel. In addition, this offers a relatively cheap possibility to realize non-wearing braking even for small motorbikes or mopeds. In this contribution, the results of a research project mainly funded by the Ministry of Finance and Economics Baden-Württemberg, Germany, are presented, where an all-wheel driven power train for electric motorbikes was developed based on the commercially available electric moped Elmoto HR-2 [6] . The hardware developments have mainly been contributed by the industrial partners ID-BIKE GmbH, Stuttgart; Gigatronik Technologies GmbH, Ulm; and ipdd GmbH & Co. KG, Stuttgart. The developed power train comprises a second motor on the front wheel including the required power electronics, which are connected to the same battery as the usual rear wheel motor. To allow for recuperation, i.e. regaining the braking energy by using the electric motors to decelerate the bike and transforming the braking energy to electric energy, the battery with very limited charging current was extended by additional super capacitors which can handle high peak currents. Also, an electric-mechanical brake was installed for backup if the electric braking torque of the motors is not sufficient. The new power train concept is a cost-effective method allowing for recuperative and non-wearing braking within electric motorbikes and mopeds. The test vehicle is presented in detail in Section 2. The Institute of Measurement, Control and Microtechnology at Ulm University has been responsible for power train control and energy management. Within the project, several model-based methods to supervise and enhance the safety of all-wheel driven motorbikes as well as energy efficient power train control methods have been developed, which are presented in this contribution in Section 3. This comprises the required model-based determination of relevant, but not measured signals, the energy-efficient distribution of load between front and rear wheel also with respect to constraints like maximum tire forces, and the reduction of unwanted effects on the driver like the brake steering torque.
All Wheel Driven Motorcycle
In Fig. 1(a) , the developed all wheel driven motorcycle is shown. It is based on the commercially available electric moped Elmoto HR-2 [6] . To realize an additional front wheel drive, an original rear wheel including the hub motor was used as a front wheel within an adapted suspension fork (see Fig. 1(b) ). This motor is driven by an additional power electronics unit which is also identical in hardware to that for the rear wheel. For supervisory control, a rapid prototyping control unit (dSPACE MicroAutoBox I [4] ) was also added to the vehicle. Fig. 2 illustrates the architecture of the test vehicle schematically. The demanded torque as an analogous signal given by the driver via the rotary handle is converted from the display to a CAN message. The MicroAutoBox (MAB) splits the torque (for more details see Sec. 3) dependent on the actual driving situation and forwards it to the control units. Thereby, the current limits are taken into account. Within the control units (CU), the commutation of the hub motors takes place. Therefore, a field-oriented control has been implemented based on [10] by Gigatronik Technologies. The aim of the FOC is to obtain a decoupled control of magnetic flux and torque. The control structure is shown in Fig. 3 . The desired value of the torque generating current i * q is set by the MAB, leading to a proportional torque T around the hub motors. In case of braking i * q is negative. The recuperated energy is stored in the super capacitors. If these are fully charged, the energy is passed to the charging terminal of the battery within the allowed limits and the rest is dissipated in the braking resistors. 
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Electric Braking System
Since the battery in this vehicle only allows very limited charging currents, the energy storage system had to be extended by a super capacitor module containing a dedicated control unit to realize recuperation capability. The super capacitors have been integrated into the DC voltage circuit of the test vehicle by Gigatronik Technologies. The electric braking system (Fig. 4) additionally comprises of brake chopper resistors also integrated into the DC voltage circuit by Gigatronik Technologies and an electric-mechanical brake using the rear wheel's original brake disc as fallback level provided by ipdd. The operation of the electric braking system in the test vehicle is shown in Fig. 5 . The braking maneuver begins at 3.5 s starting from the maximal permissible velocity v 0 = 12.5 m/s. Due to the speed restriction, the desired value of i * q, rear differs from the actual current i q, rear before braking. It can be seen that the DC voltage rises and negative DC current occurs. Due to the limited efficiency of the hub motors, the DC current has to be positive to allow the electric braking for low velocities v < 2. 
Sensors
To realize control algorithms assisting the driver, the state of the vehicle has to be monitored. In contrast to cars, the movement of the driver's center of gravity is a main influence used to steer a motorbike. This means that the driver's state is also required and therefore, additional sensors (see Fig. 6 ) have been included in the test vehicle. These include a contact-less angle sensor for the steering angle, two force sensors (Bosch iBolt, normally used in cars for seat occupancy detection) for the driver's upper body movement, and an off-the-shelf motorbike sensor (Bosch MM5.10) for accelerations and turning rates.
Operational Strategy
In this section, the operational strategies for all wheel driven motorcycles are proposed. The sections 3.3 and 3.4 are based on simulated data gained from the proprietary motorcycle simulation software IPG MotorcycleMaker [7] . Section 3.2 shows measured data from the presented test vehicle. As a basis for the torque distribution, a vehicle's and driver's state determination is required, which is presented in Section 3.1.
State Estimation
Based on the measured signals of the power train and the signals from the additional sensors presented in Section 2.3, the required information on the actual vehicle's and driver's state is gathered within a Kalman filter. In addition to an improvement of the measured signals, the roll angle is estimated by the filter based on these measurements and an appropriate dynamic model. This determination of the driving situation is used as a basis for the subsequently described operational strategy.
Efficiency-based Torque Distribution
To improve the range of the test vehicle a torque distribution based on a typical efficiency map for permanent magnet synchronous motors is implemented. The aim is to reduce the power losses in the hub motors. These are defined as where T act, i is the actual applied torque, ω i the rotational speed and η i (T act, i , ω i ) the actual efficiency. The sum of the actual torques leads to the desired torque requested by the driver:
For different desired torques and rotational velocities, the problem is solved off-line and the calculated optimal torque distribution is stored as a look-up table in the MAB. Dependent on the demanded torque and the actual rotational velocities, a torque distribution is executed. In Fig. 7 , an acceleration process is shown. The demanded torque given by the driver and the actual velocity are demonstrated. It can be seen that the demanded torque in the beginning is provided by the rear propulsion unit solely, because the rear wheel is intentionally favorred to avoid ambiguousness and provide a more usual driving experience. Then, from a certain point, both propulsion units provide the required torque, since this allocation is more efficient.
Model Predictive Control Allocation
The MPCA is based on a method first presented for electric cars [1] , which was adapted for the motorbike application. The underlying motorbike model was derived based on the model described in [12] , which has been adapted to fit the application with respect to structure, parameters, available measurements, and calculation times [2] . The aim is to reduce the unwanted brake steer torque (BST) [12] , which occurs while braking in a cornering situation. In the following, the relevant system equations will be defined. Detailed information on the derivation of this method can be found in [2] . The hub motors are modeled as first-order lag elements with unity stationary gain and time constant T m . The state-space representation of the actuator model is given bẏ
where the state x = [T act, front , T act, rear ] T contains the actual torques and the input comprises the desired torques u = [T des, front , T des, rear ] T . In the following, it is written in the general forṁ
The BST can be written as
EVS29 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium where r i is the radius of the tire and r i, c is the radius of the tire cross section. The caster angle of the motorcycle is given by . The distance between the tire contact points is given by the wheelbase p and the trail a describes the horizontal distance between the front tire contact point and the point where the steering axis intersects the ground. The roll angle of a tire is denoted by λ i . To reduce the surprise effect for the driver, the change rate of the BST is taken into account. It can be approximated byṪ
The resulting longitudinal force is given as
with the kinematic steering angle
The motorcycle's steering angle and the roll angle are denoted by δ and φ, respectively. Using these equations, the following optimal control problem (OCP) can be set up:
where T is the prediction horizon and the cost functional is given by
The limits for the input are given by T − des, i and T + des, i . Using the factors γ 1 , γ 2 , γ 3 , the different goals can be weighted. The matrix R weights the usage of the inputs and the matrix Q penalizes the difference to the pre-allocated states. The OCP can be solved on-line with the open-source software GRAMPC [9] within the given limits for the acting torques. Simulation results are shown in Fig. 8 . Here, the driver suddenly brakes during a constant circular drive. In Fig. 8(a) , the longitudinal forces at the wheels are presented. The blue lines show a conventional braking method, where the braking force mainly is applied at the front wheel, and the red lines represent the forces calculated with the MPCA algorithm. In Fig. 8(b) , it can be seen that the driver's steering torque is significantly reduced by the MPCA algorithm.
Traction Control
Based on [3] , the idea for a traction control (TC) is to observe the angular accelerations of the wheels and keep them limited. If their magnitude become too large, then the limits for the applied torques in the MPCA algorithm are reduced. After the longitudinal slip returned into the stable region, the limits are increased again. To detect the critical angular accelerations a Kalman filter is used. First, the system modeling is described. The wheel dynamics are modeled according to [8] as follows: where J i is the moment of inertia of each wheel. For the longitudinal forces, an integrator disturbance model is assumed:Ḟ
The rotation angles are measured using the hall sensors installed in the hub motors. Thereby, the system output is defined as follows:
The sensors update every 3 ms with a resolution of 138 readings per rotation. This set-up is also implemented in the simulation scenario. Choosing the state space vector as x = [θ front , ω front , θ rear , ω rear , F x,front , F x,rear ] T and the control vector as u = [T act, front , T act, rear ] T , this leads to the following state space representation:
The aim is to observe the state space vector and then calculate the rotation accelerations. For this task, a central difference Kalman filter (CDKF) based on [5] is used, which is from the class of sigma point Kalman filters (for a detailed derivation see [11] ). The operation of the traction control is demonstrated in Fig. 9 . A braking maneuver while driving straight ahead with a sudden decrease of the friction coefficient is simulated. It can be seen that without the traction control, the magnitudes of angular accelerations are getting very high (green lines). Thereby, the slips leave the stable area (dotted lines), so an accident is the possible consequence. If the traction control is active, the blue lines are the angular accelerations from the simulation environment the and red lines are the estimations using the described method. The limits for the input of the MPCA are restricted when the magnitudes of the estimated angular accelerations exceed a threshold and slowly released after a while. Hereby, the longitudinal slips remain in the stable region and a secure operation can be ensured. 
Conclusion
In this contribution, the operational strategy for an all wheel driven electric motorcycle was presented together with an description of the underlying test vehicle, which now allows for recuperation. As a basis, the required state information of the vehicle and the driver are gained by additional sensors and a Kalman filter. An efficiency based torque distribution that splits the demanded torque dependent on an efficiency map has been introduced as base strategy. Additionally, a much more sophisticated model predictive control algorithm for reducing the unwanted brake steer torque while braking in a corner by adaptive distribution of the torques has been demonstrated. Finally, a traction control approach for increasing the safety based on the observation of the rotational accelerations of the wheels and the limitation of the desired torques was presented and discussed. Overall, it could be shown that the additional degree of freedom of an added front wheel drive enables for enhanced safety and efficiency in electric motorcycle control by relatively simple and therefore easily realizable means.
